A variety of nucleic acid polymerases have been isolated'-5 in addition to the original DNA-dependent DNA and RNA polymerases. All these polymerases catalyze the synthesis of either polydeoxyribonucleotides or polyribonucleotides. In the present paper we describe the isolation and properties of a new "hybrid" enzyme capable of catalyzing the synthesis of a hybrid ordered polymer composed of homopolymeric chains of deoxynucleotides and ribonucleotides. The existence of a polymerase with both synthetic capacities, as well as the fact that all the polymerases share the ability to function with a polynucleotide template, implies that polymerases in general may be structurally similar.
Materials and Methods.-Preparation of hybrid polymerase: E. coli W or B was purchased from the Grain Processing Corporation, Muscatine, Iowa, and stored at -20°C until used. Two hundred gm of cells were divided into 10 equal portions. Each portion was homogenized by hand with a mortar and pestle for 6 min with 40 gm of Alcoa alumina powder and 25 ml of buffer composed as follows: 0.01 M Tris, pH 7.4; 0.01 M MgC12; 5 X 10-3 M mercaptoethanol and 1 X 10-3 M EDTA. The temperature was kept below 40C at all times. After adding an additional 10 ml of buffer to each portion, the Al powder was removed by centrifugation at 7000 X g for 15 min. The supernatant fluids were combined and the combined pellets re-extracted with two 60-ml portions of buffer. All the extracts were combined and centrifuged at 78,000 X g for 3 hr, after which time the slightly turbid supernatant fluid was transferred and centrifuged for an additional 3 hr. This supernatant is the crude extract.
To the crude extract, 280 ml, was added 70 ml of 0.5% protamine sulfate. After 15 min at 00C, the precipitate was collected by centrifugation at 7000 X g for 15 min. Hybrid and DNA polymerases were extracted with two 50-ml portions of 0.1 M 0,0'dimethylglutarate (grade C, Calbiochem) at pH 7.0; RNA polymerase remained in the protamine sulfate precipitate. The RNA polymerase can then be extracted with 0.1 M potassium succinate buffer at pH 6.5 and precipitated with ammonium sulfate. In the 0,fi'dimethylglutarate eluate the hybrid polymerase Assay of enzyme activity: The course of hybrid synthesis was measured by the conversion of C14. labeled CTP or GTP into an acid-insoluble product. The incubation mixture (1 ml) had the following composition: 5 X 10-2 M Tris buffer, pH 7.8; 5 X 10-3 M MgCi2; 2 X 10-3 M mercaptoethanol; 50 ,uM dCTP, 50 MAM GTP, and 57.5 mMuM GTP-C14 (5 X 104 cpm); 10 Jg of enzyme, and 0.05 O.D. units (248 mMA) of poly(C + I) primer. The incubation period was 20 min at 360C. The reaction was stopped by chilling, followed by the addition of 0.5 ml (2.5 mg/ml) of calf thymus DNA as carrier and then 1 ml of 1 N HC104. The acidified mixture was centrifuged at 8000 X g for 15 min and the supernatant solution discarded. The precipitate was washed three times with 3-ml portions of 1% ice-cold HC104 and centrifuged each time. The precipitate was then dissolved in 2 ml of 0.1 N NH40H, and the solution evaporated in metal planchets. A unit of enzyme was defined as the amount of enzyme which catalyzed, with poly(C + I) as primer, the incorporation of 1 mymole of labeled GTP or CTP into an acid-insoluble product in 20 min at 36°C.
Specific activity was expressed as units per milligram of protein which was determined by the procedure of Lowry et al.7
Large-scale synthesis and isolation of poly(dG + C) or poly(dC + G): The assay reaction mixture was scaled up by 10 or 20 times with no noticeable difficulties. The reaction was stopped by cooling and adding NaCl to a concentration of 0.5 M. The product was first dialyzed twice, each time for a period of 12 hr, against one liter of 0.2 M NaCl; then against 0.01 M EDTA, pH 7.5; then against water; and finally, twice against 5 X 10-3 M NaCl-10 4 M EDTA, pH 7.4. In general this procedure resulted in a 10-16-fold net synthesis over the template used if freshly prepared enzyme was-used. The yield was greatly reduced when aged enzyme was employed.
Synthesis of poly (dA + U): The synthesis of poly(dA + U) primed either by poly(A +U) or poly(dA + T)8 is described in Table 2 ( § footnote). A large-scale preparation was not carried out, and hence no physical or chemical characterization of this hybrid was attempted. By analogy with the products primed by poly(C + I), there is no reason to doubt that this product is also a homopolymeric hybrid.
"Hybrid" synthesis using DNA as the primer: The reaction mixture (1 ml) had the following There was a sixfold net synthesis of nondialyzable material over the primer.
Other procedures: Alkaline hydrolysis of the hybrid products was carried out in 0.3 N KOH for 18 hr at 37°C. The nucleotide analyses were performed on Dowex 50-H+ columns.9 The Dowex ion exchange resin was a gift from Dr. Stanford Moore. Enzymatic hydrolyses of the hybrid products (16 Mg/ml) by pancreatic RNase and DNase were carried out at 37°C. for 2 hr. The weight ratio of enzyme to product were 1:4 in each case. For RNase (3 X cryst.,bPentex) the reaction was carried out in 0.05 M Tris buffer, pH 7.8; for DNase (1 X cryst., Worthington), in the same buffer but containing MgCl2 (3 X 10-3 M). Results.-A crude extract of E. coli can be fractionated as described in the preceding section to yield three separate polymerases: the usual DNA and RNA polymerases and a "hybrid" polymerase. All three enzymes can utilize DNA or doublestranded synthetic polyribonucleotides or polydeoxyribonucleotides as primers. They differ, however, in their substrate specificities, requiring only deoxy-compounds, only ribo-compounds, or a mixture of the two, respectively. For example, with poly(C+I) as the template, the hybrid polymerase fraction will produce an acid-insoluble product only when either dCTP+GTP, or CTP+dGTP, are present (see Table 2 ). The absence of hybrid polymerase activity from the other two polymerase fractions, which cannot synthesize products under these conditions, was demonstrated using C_4-labeled GTP or CTP. Sample results are given in Table 2 , which also shows that neither DNA nor RNA polymerase is an important contaminant of the freshly prepared hybrid enzyme fraction; with only deoxyor only ribo-substrates, there is essentially no product found. We have used poly(A+U) and poly(C+I) as primers for these assays because they are better primers than DNA and therefore provide more sensitive test systems. However, DNA has also been used for this purpose.
(a) Properties of the reaction: The effect of Mg g++, MnV+n+, Ca++, K+, and Na+, added separately, on the incorporating activity of the hybrid polymerase are summarized in Table 3 . Mg++ is the most effective. The combination of Mg++ plus Mn++ results in less incorporation than Mgg++ alone. Figure 1 shows the variation of C14-GMP incorporation with Mg++ concentration. The maximum occurs at a concentration of 5 X 10-' M.
The maximum rate of incorporation is found at pH 7.8; it decreases by twofold at pH 7.5 and 8.4 (Fig. 2) .
(b) Properties of the hybrid product: The products synthesized by the hybrid The reaction mixture i8 identical to that given in Table 2 , t footnote.
enzyme fraction are high-molecular-weight, ordered structures. Poly(dG+C) and poly(dC+G), obtained when poly(C+I) is the primer, have sedimentation constants of about 12. Figure 3 shows a typical sedimentation velocity pattern of poly(dC+G). The boundary is rather sharp, implying a narrow molecularweight distribution. Figure 4 shows temperature-absorbancy profiles for poly-(dG+C) and poly(dC+G). In 5 X 10-3 M NaCl, pH 6.5, the melting point was above 1000. The melting points are 64 and 780 for both polymers in 6.6 X 10-4 M NaCl-10-4 M EDTA, pH 8.4, and 5 X 10-4 M NaCl, pH 6.5, respectively. The lack of a single, sharp transition implies a heterogeneity of helical regions. 4.-Temperature-absorbancy After extensive treatment of C14-labeled curves for poly(dC + G) and poly(dG + C). The filled circles refer to 5 X 10-4M poly(dG+C) and poly(dC+G) with panNaCi, pH 6.5 . The open circles refer creatic ribonuclease, 96 per cent of each to 6.6 X 104 M NaCl-10 4M EDTA, polymer remained acid-precipitable. The pH 8.3. hybrid products are therefore quite resistant to these degradative enzymes, apparently much more so than the usual annealed DNA-RNA hybrids.
In order to establish that the products poly(dG+C) and poly(dC+G) do in fact contain homopolymeric chains like the template poly(C+I), a sequence analysis was carried out. In one experiment the substrates were dCTP and C14-GTP; in another, they were dGTP and C14-CTP. The products, poly[dC+G-(Cl4)] and poly[dG+C(C'4)], were treated with alkali. If the products are homopolymeric hybrids, then the polyribonucleotide strand in the hybrid complex should be hydrolyzed to 2' and 3' mononucleotides, while the polydeoxyribonucleotide chain should remain intact. The hydrolysate was placed on a Dowex 50-H+ column and the eluate assayed for radioactivity. At least 95 per cent of the radioactivity was found in the eluate in each case at the position expected for the mononucleotide in question, showing that essentially all of the ribonucleotide component was homopolymeric. To show that the homopolymeric deoxynucleotide chain was unaffected in each case, a mixing experiment was carried out. After alkali treatment the 2', 3'-monoribonucleotides were removed by dialysis; the spectrum of the nondialyzable component was determined in each case and found to be that of poly dC and poly dG, respectively (Figs. 5 and 6). Poly I was added to the first at pH 7.4 and poly C to the second, at pH 9.5 each at 5 X 10-4 M MgCl2. The resulting spectrum in each case was hypochromic (Figs. 5 and 6) , showing that interaction (probably helix formation) had occurred. These results indicate the continued presence of homopolymeric poly dC or poly dG after alkaline hydrolysis.
When DNA is used as the primer in the hybrid polymerase system, an acidinsoluble product is obtained from the substrates dATP, dCTP, UTP, and GTP. The nature of this product is not known as yet, but it does not appear to be helical since its helix-coil transition is ill-defined despite sixfold synthesis. It is possible that the product has a low molecular weight and is composed purely of short dAdC and UG copolymers. No other product could be obtained from the substrates employed unless the enzyme were capable of synthesizing a mixed polyribodeoxy- primer. A comparison of the template activities of poly(dA+T) and poly(A+U) shows that they are of the same order of magnitude (Table 2) . A closer comparison is not possible from these results since the assays were not carried out with the same enzyme preparation. The hybrid product poly(dA+U) was itself shown to be an active primer. Poly(C+I) is clearly the most active of the primers used. Previously we had shown that helical poly(A+U) serves as a template in the synthesis of homopolymeric poly(dA+T) catalyzed by DNA polymerase. It was also shown that both chains of the product must be synthesized simultaneously, i.e., no synthesis occurred when only one of the two substrates was provided. In order to gain some insight into the mechanism of hybrid synthesis we carried out a number of experiments, the results of which are summarized in Table 4 . They show that a double-stranded helical template structure is required and that both hybrid chains must be synthesized simultaneously, as in the synthesis of poly-(dA+T).8 Furthermore, equal amounts of deoxy-and ribonucleotides are incorporated. Table 2 .
Net synthesis was calculated from the undialyzable components remaining after the dialysis procedure given in Materials and Methods.
Discussion.-The existence in vivo of DNA-RNA hybrids of the type described here has not been demonstrated as yet. This, and the fact that we did not obtain an ordered high polymer hybrid using DNA as the primer, suggest that synthesis of such hybrids is not the biological role of the hybrid polymerase. When the purified hybrid polymerase is allowed to stand for a number of weeks at -200 or is subjected to certain treatments, its activity not only decreases but the extent of synthesis of each chain is no longer equal.6 RNA and DNA polymerase activities can then be demonstrated in the hybrid fraction by appropriate assays. These observations suggest that the hybrid polymerase partially dissociates into DNA and RNA polymerase subunits, which are then independently active.6 If we assume that such a transition is reversible in vivo, the hybrid polymerase might function as a reservoir for these enzymes. However, we must also consider the real possibility that the hybrid polymerase is.an artifact of isolation.
In any case, these results imply a subunit structure for the polymerases and suggest that the many polymerases encountered in vivo may be structurally similar whether they require DNA or RNA templates. The hybrid polymerase appears to be bifunctional since it synthesizes DNA and RNA strands simultaneously. By analogy, since DNA polymerase synthesizes two polydeoxynucleotide strands simultaneously, I we infer that it too may be bifunctional, or dimeric.
Summary.-An enzyme capable of synthesizing DNA-RNA-like homopolymeric hybrids has been isolated from E. coli. The hybrid products are of high molecular weight (sedimentation constant ca. 12), are apparently helical since they exhibit relatively sharp temperature-absorbance curves, and are resistant to RNase and DNase. The reaction is primed by double-stranded polyribonucleotides, polydeoxynucleotides, and DNA. Both chains of the hybrid must be synthesized simultaneously, suggesting that the hybrid polymerase is bifunctional, or dimeric. Single-stranded polynucleotides do not serve as templates.
